Summary
Definition of ontology
From its original philosophical roots, the word and idea of ontology has been adopted by the sciences as a formal representation of a set of concepts within a knowledge domain and the relationships between those concepts. It is used to reason about the properties of that domain, and it may be used to define the domain. thus, an ontology 1 is a "formal, explicit specification of a shared conceptualization." An ontology provides a shared controlled vocabulary that can be used to model a domain, i.e., the type of objects and/or concepts that exist, and their properties and relations. the controlled vocabulary is a collection of
Introduction
In this article we will review ontology developments based on a set of perspectives that shows how ontologies are being used in current predictive toxicology initiatives and applications. We also review existing ontology developments in neighboring fields that can contribute to establishing an ontological framework for predictive toxicology. Such an ontology framework offers the potential for unifying existing information and concepts in the development of 21 st century toxicological science in support of the Reduction, Refinement, and Replacement (3Rs) principles.
2 http://semanticweb.org/wiki/Main_Page 3 http://en.wikipedia.org/wiki/Ontology_(information_science) 4 http://www.ksl.stanford.edu/people/dlm/papers/ontologies-come-of-age-mit-press-(with-citation).htm 5 http://www.geneontology.org/ preferred terms that are used to assist in more precise retrieval of content. Controlled vocabulary terms can be used for categorizing content, building labeling systems, and creating style guides and database schemata. A taxonomy is one type of controlled vocabulary. Ontologies are used in artificial intelligence, the Semantic Web 2 , software engineering, biomedical informatics, library science, and information architecture as a form of knowledge representation about the world or some part of it. 3 Ontology-based informatics approaches provide very powerful tools to organize and retrieve information. 4 In biology, the explosion in the amount of data generated through high-throughput techniques has led to the need to organize these data in a logical way; to this purpose, the concept of ontology has been widely adopted. the construction of a biological ontology consists of: a) selection of entities or objects to be included; b) definition of a controlled vocabulary; c) recognition of relationships, interactions, and hierarchies between entities, if any. The definition of ontology and controlled vocabulary is very useful in standardizing and organizing chemical, biological, and toxicological data required for predictive toxicology use cases. It may also be used to define biological effects and entities, systems and their components and interactions, algorithms and models, pathways, and other useful conceptual entities for supporting complex reasoning about concepts, questions, and data. Such an ontology not only supports superior, more reliable, and cost effective computer engineering but also enhances the value of data in a leveraged knowledge management ecosystem. toxicology ontology could also encourage the Weight of evidence-based integration of in vivo and in vitro data from several sources, as well as (Q)SAR, i.e., (Quantitative) Structure-Activity Relationship, data for regulatory processes such as risk assessment under ReACH or for classification and labeling (CLP). In addition to alternative testing method representation, a toxicology ontology should include the representation of traditional animal experimental data, for its effective knowledge integration as evidence. Support of a toxicology ontology evolution framework should be adequate for translating the diverse terminology developed and used over time to link study findings across chemicals, labs, and study types.
One of the most successful examples of a systematic description of an area of biology is the Gene Ontology (GO) project. 5 GO is widely used in biological databases, annotation projects, and computational analyses for annotating newly sequenced genomes, text mining, network modeling, and clinical applications, among others. GO has two components: the ontologies themselves, which are the defined terms and the structured relationships between them (GO ontology) and the associations between gene products and the terms (GO annotations). GO provides both ontologies and annotations for three distinct areas of cell biology: molecular function, biological process, and cellular component or location. A GO annotation associates a gene with terms in the ontologies and is generated either by a curator or automatically through predictive methods. Genes are associated with as many terms as appropriate, as well as with the most specific terms available to reflect what is currently known about a gene. When a gene is annotated to a term, associations between the gene and the term's parents are implicitly inferred. Because GO annotations to a term inherit all the properties of the ancestors of those terms, every path from any term back to its root(s) must be biologically accurate or the ontology must be revised. For example, if a gene is known to be specifically involved in "vesicle fusion," it will be annotated directly to that term, and it is implicitly annotated (indirectly) to all of its parents' terms, including "membrane fusion," "membrane organization and biogenesis," "vesicle-mediated transport," "transport," and so on, back to the root node. thus, a gene annotated to vesicle fusion can be retrieved not only with this term, but also with all of its parent terms, increasing flexibility and power when searching for and making inferences about genes.
Ontology in predictive toxicology
the application of ontology in predictive toxicology is a relatively recent endeavor in which investigators are developing or applying ontologies towards the solution of toxicology problems. Use of ontology allows data to be organized and combined with metadata and vocabularies for study terms and experimental protocols. Communication between toxicology resources using shared ontology supports toxicology data integration in a more reliable way, thus allowing the construction of more complex queries regarding the data, such as linking data with such biological processes as gene regulation or pathway perturbations. Opentox designed its framework to extensibly support the creation of a semantic web for toxicology in which ontology plays a key role in resource representations and communications (Hardy et al., 2010) . the Opentox framework supports the development and application of interoperable predictive toxicology software that supports the 3Rs principles, so ontology is a means, not an end, of the Opentox initiative.
Perspectives

Context for ontology development
the set of perspectives described here offers a review of current developments in the use of ontology in predictive toxicology applications and resources. Many of these developments are a result of recent and emerging initiatives, and they provide insight into what is possible today, as well as future directions towards a more mature and integrated ontological framework, e.g., as envisioned by the toxicology Ontology Roadmap (Hardy et al., 2012) . Perspectives on different resources and independ-sists, though for quite different reasons. Due to the initiatives mentioned above, many databases have been constructed in silos to address local and immediate needs, thereby creating many databases with diverse content and sources. We now have databases that can distribute data ranging from a one-at-a-time query to a mass SQl dump. However, for a user far removed from database administration, these resources remain extremely difficult to utilize and, consequently, the lack of access to data remains the same. the need to distribute data in an easily processable common format can be achieved by a data exchange standard.
Scientists in computational toxicology have consistent and strong opinions about their data needs from a "perfect" database: "I'd like a database that is internet-based, allows me to slice and dice according to my own needs, lets me update and modify, and most of all is free." this dream database, in fact, describes the process of a scientist transforming information into knowledge. to enable this ultimate purpose of a database, we will need to go further than just an exchange standard. Ontology conceptualizes and formalizes these processes. In addition, ontology-driven databases also can guide the knowledge discovery and formation.
Chemical ontology
Most computational toxicologists often deal with both sides of a knowledgebase, i.e., development and use. through ontology, the aggregation of effects can be represented and the hidden relationships of effects and mechanistic knowledge can potentially be discovered. Ontology has been strongly promoted in biology, for example, through gene ontology, whereas the concept of ontology is still underdeveloped in chemistry, although CheBI 13 has now undertaken this important task. toxicity is the manifestation of biological responses to stressors, which are represented by chemical structures in chemically-induced toxicity. the modes of action between chemical structures and biological targets (e.g., proteins) often can be well described by substructural patterns, conformations, and shapes. Systematically constructing the logical objects for the chemical units, reflecting both structural configuration and physicochemical properties, will lead us closer to our goal -linking chemical structural features to biological activities. It is important that we move beyond the confines of connection tables for representing structural features. In this sense, the new subgraph representation method, CSRMl (Chemical Subgraph Representation Mark-up language) 14 can represent the biologically active substructures by physicochemical parameters, including ent initiatives are reviewed, including Opentox, etOx, Pistoia Alliance, toxWiz, Virtual liver, eU-ADR, Bel, toxMl, and Bioclipse. By bringing a number of significant independent perspectives together, we anticipated developing collaboration opportunities and a common vision for a framework and roadmap for toxicology ontology development.
Lessons learned from toxicity data modeling and insights for ontology development Just a decade ago, publicly free structure-searchable databases were nonexistent, as were toxicity databases. In contrast to human genome research, where all the information was freely available, chemistry fell behind until the PubChem Project 6 was initiated in 2004. Databases were scarce and the field was faced with real "lack of data" issues. there were three earlier initiatives in the area of chemically-induced toxicity databases: lhasa limited's efforts sponsored by the International life Science Institute (2000) (2001) (2002) (2003) (2004) , leadscope's toxMl 7 lISt (leadScope In Silico toxicology) focus group (2001) (2002) (2003) (2004) (2005) (2006) , partially funded by a US NISt AtP grant, and US ePA's DSStox 8 . the two initiatives from lhasa limited and leadscope concentrated on structure searchable representation of toxicity studies, whereas the DSStox put much emphasis on chemical structure representations. later, DSStox became the chemistry center for other ePA NCCt toxicity and risk assessment databases, including toxRefDB 9 and ACtoR 10 . Collaborations with the US FDA also played an important role in toxicity database activities: one consequence was the agreement between lhasa limited and leadscope to promote toxMl as the data exchange standard since 2006. In those five years, the landscape changed at a remarkable speed.
toxicity databases have a strategic importance in safety assessment, both in the private sector and in regulatory agencies. Well-designed databases very efficiently provide the information needed for data mining and preparing training sets for computational approaches. end users can save a tremendous amount of time by utilizing data when the data fields are designed logically in line with their workflow and when the curation criteria are documented. Publicly, the main driving forces for common databases have been the international regulatory initiatives of the Canadian Domestic Substance list (DSl) 11 , ReACH, and the 7 th Amendment of the Cosmetic Directive, as well as US tox21 12 /toxCast initiatives to challenge the paradigm shift for regulatory efforts. As we are building many local and consortium databases, we are now faced with a slightly different version of the "lack of data" problem, which still per- Target Ontology Initiative the target Ontology Initiative addresses the following issues: -representation of a molecular drug target in structured databases is currently ad hoc; -single-protein targets are linked via entrez Gene, but this is not an agreed standard; -multi-protein targets, complexes, and many biological entities are poorly described, often simply by raw text. the project focuses on industry and suppliers to describe a specification for reporting drug targets within a structured content framework. The output will be a specific set of "rules" regarding the representation of complex molecular targets. the aim is not to define a list of all known targets and to name them, but rather to publish a specification as a recommendation to suppliers and industry to adopt the specification along with industry-generated mappings for pre-existing targets.
Ontology development in support of predictive toxicology use cases and services
Opentox 16 has worked on the provision of integrated, highquality toxicity data for in silico predictive toxicology model development, validation, and database queries, implementing it in a data infrastructure that is accessible by the Opentox framework, including algorithm, model, and validation services that are semantically defined. OpenTox creates dictionaries and ontologies that describe the relations between chemical and toxicological data and experiments, as well as developing novel techniques for the retrieval and quality assurance of toxicological information.
The OpenTox approach to ontology allows for efficient mapping of complementary data coming from different datasets into a unifying structure having a shared terminology and representation. The definition of ontology and controlled vocabulary in Opentox is required so as to standardize and organize high-level concepts, chemical information, and toxicological data. Distributed Opentox services exchanging communications need to have unambiguous interpretations of the meaning of any terminology and data they exchange.
The definition of ontology and controlled vocabulary is extremely important in the construction of the Opentox data infrastructure. It contributes to the necessary standardization and rational organization of data, thus facilitating both vertical (e.g., within one toxicological endpoint) and horizontal (e.g., through different endpoints) retrievals. The definition consists of two main steps: first, the selection of the toxicological endpoints to be included; second, the definition of the type and extent of information for each endpoint and their internal relationships and hierarchies. charge or electronegativity differences, in addition to conventional annotations of atom and bond specifications.
The Pistoia Alliance and vocabulary services
the primary purpose of the Pistoia Alliance 15 is to streamline non-competitive elements of the life science workflow by the specification of common standards, business terms, relationships, and processes. Pistoia Alliance goals directed towards this purpose are: -to allow this framework to encompass and support most precompetitive work between the organizations; -to support life science workflow prior to regulatory submission; -to work with other standards organizations. Pistoia's foundation in 2007 grew from a shared frustration by large pharmaceutical organizations with the lack of standards and interoperability in the life sciences informatics sector. Meanwhile, the development of web services and Web 2.0 provided an opportunity for decoupling proprietary data from technology. Publicly available structural and biological databases increasingly allow for a non-IP related analysis, and they can serve as a scientific test suite.
Vocabulary Standards Initiative
A key aspect of scientific work involves naming and identifying a variety of entities: genes, sequences, diseases, tissues, anatomy, cell lines, bioprocesses, species, phenotypes, compounds, drugs, mode of action, people, places, adverse events, targets, reagents. Moreover, the science is continually evolving, and so the vocabularies are in constant flux. Connecting data across content providers, academic and internal organizational systems is frequently difficult. Often there is significant branching and ab initio vocabulary development, even within each organization. As a result, no common language is formed.
Vocabulary Standards Challenges
While organizations can create ontologies internally, or in public collaboration, what is lacking is central governance and a service infrastructure to: -manage vocabulary interfaces; -manage change processes; -promote standards; -manage vocabulary mapping services; -promote use; -respond to feedback. Leaving this to the external environment to fix is not an option; to improve productivity and manage costs industry needs to be much more proactive by: -moving to a model of vocabularies as pre-competitive assets for consumers and suppliers alike; -moving to a shared hands-on service for pre-competitive vocabularies, removing the need to do this in each individual organization;
OpenTox data infrastructure the current Opentox data infrastructure provides: -a universal database structure design, allowing for storage of multi-faceted life sciences data; -an ontology allowing for efficient mapping of similar and/ or complementary data coming from different datasets into a unifying structure having a shared terminology and meaning; -integration of multiple datasets with proven high-quality physico-chemical and/or experimental toxicity data; -built-in heuristics for automatic discovery of 2D chemical structure inconsistencies; -extensive support for structure-, substructure-and similaritybased searching of chemical structures; -an Opentox standards-compliant dataset interface that allows query submission and results retrieval from any Opentox standards-compliant web service; -transparent access to and use of life sciences data hosted at various physical locations and incorporating a variety of distributed software resources through the Opentox framework. the Opentox prototype database includes eCHA's list of preregistered substances, 19 along with high-quality data from consortium members (e.g., ISS ISSCAN, 20 IDeA AMBIt 21 ) and third parties (e.g., JRC PRS list, 22 ePA DSStox, 23 eCetOC skin irritation (eCetOC, 1995) , llNA skin sensitization (Gerberick et al., 2005) , Bioconcentration factor (BCF) Gold Standard Database 24 ). Additional data for chemical structures has been collected from various public sources (e.g., Chemical Identifier Resolver, 25 ChemIDplus, 26 PubChem 27 ) and further checked manually by experts. the database provides means to identify the origin of the data, i.e., the specific inventory a compound originated from. the data is currently publicly available and accessible via initial implementation of Representational State transfer (ReSt) web services, 28 as defined in the Opentox Framework design and its implementations.
Toxicological endpoints
Opentox includes an OWl (Web Ontology language) 29 ontology of toxicological endpoints, which corresponds to the endpoint classification of REACH guidance documents 30 and allows for unique mapping between endpoints from various in-A collaborative Protégé ontology development environment, established for the development and review of toxicological ontologies, is located on the Opentox server. 17 As toxicological data may come from different, heterogeneous sources, a deployed ontology unifying the terminology and the resources is critical for the rational and reliable organization of the data and its automatic processing. Up to now, the following related ontologies have been developed for Opentox: toxicological ontology -listing the toxicological endpoints; Organ system ontology -addressing targets/examinations and organs observed in in vivo studies; toxMl ontology -representing semi-automatic conversion of the toxMl schema to an ontology; toxlink -toxCast assays ontology; Opentox ontology -representation of Opentox framework components: chemical compounds, datasets, algorithms, models, and validation web services; Algorithms ontology -types of algorithms. Besides being defined in an ontology, OpenTox components are made available through standardized web services, where every compound, dataset or predictive method has a unique resolvable address (URI), used to retrieve its Resource Description Framework (RDF) representation, or to initiate the associated calculations and generate new RDF-based resources.
Whenever possible, we are trying to integrate relevant information of neighboring ontologies, such as the Foundational Model of Anatomy (FMA), Ontology for Biomedical Investigation (OBI), NCI thesaurus, SNOMeD Clinical terms, together with the toxMl (toxicology xMl standard) schema 18 .
The OECD Harmonised Templates the OeCD Harmonised templates correspond to the IUClID5 xMl schemata, which are meant to be used by industry when submitting the documentation on their chemicals to eU authorities. For each endpoint, the OeCD Harmonised templates define a series of fields, e.g., defining the information submission requirements of a carcinogenicity experiment. Since they are generic enough to be able to include data on endpoints with different characteristics, in principle, the OeCD harmonized templates provide a substantial basis for building an ontology. However, they are not well formalized, leaving much space to free text entering, and they have a strong administration emphasis rather than a scientific focus. . INHAND aims to develop an internationally accepted standardized vocabulary for neoplastic and non-neoplastic lesions, as well as the definition of diagnostic features for organs and organ systems observed in rodent in vivo studies. the description of the respiratory system and the liver has recently been published (Renne et al., 2009; thoolen et al., 2010) .
the organ ontology is one of the most challenging ontology classes, addressing targets, examinations, and organs observed in in vivo studies. It is not endpoint-specific, as organs are species-specific but not endpoint-specific. Endpoint specificity will be defined subsequently when the organ ontology is linked to the toxicological endpoint ontology to address different toxicity types such as repeated dose toxicity, carcinogenicity, or reproductive toxicity. the ontology includes the detailed description of organs, starting from organ systems down to histological components. A hierarchical structure was used, starting with the organ system (e.g., respiratory system) instead of orientating the ontology on the examinations performed in guideline studies, such as histopathology, necropsy, and clinical observations.
At the moment, the Opentox Organ Ontology contains 12 organ systems: digestive system, respiratory system, circulatory system, endocrine system, male genital system, female genital system, hematopoietic system, integumentary system, nervous system and special sense organs, urinary system, musculoskeletal system, immune system, and lymphatic organs. Currently, the organ ontology is orientated to rodent studies and organs present in humans, so that organs up to histological components of three species are documented. Other species, such as dogs, are also widely used in in vivo toxicity studies and, later on, need to be represented as well. Species specificity will be obtained linking the organ ontology to the species ontology documented in the toxicological endpoint ontology, e.g., the gall bladder, usually a part of the digestive system, is not present in rats. Synonyms are included to account for differences in terminologies. As ontology development is a dynamic process, more sources of vocabulary need to be included from industry, as well as public, and non-public databases, to derive a comprehensive ontology.
the concept of an effect Ontology also has been developed. effects are endpoint-dependent. the effect Ontology currently comprises neoplastic and non-neoplastic effects observed in repeated dose and cancer studies. It consists of classes of efventories. the Opentox toxicological ontology at the moment contains five toxicity study types: carcinogenicity, in vitro bacterial mutagenesis, in vivo micronucleus, repeated dose toxicity (e.g., chronic, sub-chronic, or sub-acute toxicity), and aquatic toxicity. Using this ontology, each attribute in a toxicological dataset can be associated with an entry to the ontology. the main OWl classes are "toxicityStudytype," "testSystem" (includes subclasses such as strains, species, sex, route of exposure, etc.), "testResult" (includes subclasses such as toxicity measure, test call, mode of action, etc.). the aquatic toxicity ontology was based on the requirements of the eU Directive 92/69/eeC, i.e., acute toxicity for fish (method C.1.), acute toxicity for Daphnia (C.2.), and the algal growth inhibition test (C.3.).
(Q)SAR model quality relies crucially on the clarity of endpoints and experimental protocol used, as well as the ability to communicate this information in an unambiguous way, both in the model development and in model application. the current common practice usually includes a textual description of the materials and methods used for acquiring experimental data, as well as literature references, while the model description is a separate entity. Providing an automatic and unique way of describing and linking the endpoint information in a formal way, ready for software processing with minimal human intervention, is one of the big challenges that Opentox's distributed web services framework tries to address. Using the ontology, each attribute in a toxicological dataset can be associated with an entry to the ontology, therefore allowing a unique mapping between endpoints in various and heterogeneous datasets. the mapping of chemical compound properties stored in the Opentox prototype database with the endpoints ontology and the information regarding which properties are predicted by models is available via the Opentox model service. It is used to automatically recognize which endpoints have predictive models available, and it ensures consistency of the endpoint terminology used across the set of distributed Opentox services. the ontology has been used for mapping the relevant OpenTox prototype database dataset fields with the ECHA endpoints. this allows for dynamic linking of models, datasets, and endpoints through Opentox-compliant operations. the Ontology service 31 stores the endpoints ontology, along with other Opentox-relevant ontologies (opentox.owl, 32 algorithm types, 33 and Blue Obelisk Descriptor Ontology 34 ), as well as dynamic information on available models, algorithms, and features provided by Opentox services. the Opentox-based toxPredict application 35 queries 36 the Ontology service by standard SPARQl 37 interface for all available models and retrieves associated information about endpoint modeled, algorithms used to create models, as well as independent and target variables used in models. http://opentox.org/data/documents/development/RDF%20files/JavaOnly/query-reasoning-with-jena-and-sparql 37 http://www.w3.org/TR/rdf-sparql-query/ data processing services, which only take generic ot:Dataset resources on input and generate generic ot:Dataset resources on output. Specific types of algorithms are described in the algorithm types ontology and even more details of descriptor calculation algorithms are specified via the Blue Obelisk 39 ontology of cheminformatics algorithm (e.g., algorithm references, descriptor categories) and extensions, specifically developed to cover algorithms, developed by Opentox developers. Assigning specific information about the datasets, properties and types of algorithms and models is done via linking to the relevant ontologies, for example by subclassing (rdf:type), owl:sameAs links, or Blue Obelisk ontology bo:instanceOf predicate. the simultaneous use of Opentox datasets and compound properties as resources of generic ot:Dataset type and ot:Feature type in the OpenTox ontology, and linking to specific toxicology ontologies, provides a flexible mechanism, allowing users of OpenTox services to enter the data with arbitrarily named properties and further annotate them with the proper terms from toxicology ontologies. this approach is currently used to enter and represent data in Opentox services and applications.
A graphical overview of the current Opentox Algorithm ontology is shown in Figure 1 . A formal OWl representation of the algorithm ontology is available on the Opentox website. 40 the plan is to extend this ontology in the future to a full description of every algorithm, including references, parameters, and default fects, as well as effects linked to detailed diagnostic features, as agreed in the INHAND process. Synonyms are included. For the respiratory tract, the effects and diagnostic features are already linked to the organs and organ systems in which they occur. links and restrictions of effects and diagnostic features to the organ ontology are a complex procedure, e.g., the combination of the diagnostic features 1, 2 and 5 may characterize a special effect in one organ, whereas the combination of the diagnostic features 2, 4 and 8 characterizes the same effect in another organ or organ compartment. Moreover, the discrimination of effects versus histopathological components can be controversial.
OpenTox ontology for linked resources the Opentox ontology 38 provides a shared information model for the most common components found in any application providing predictive toxicology functionality, namely chemical compounds, datasets of chemical compounds, data processing and machine learning algorithms, predictive models, and validation routines. the Opentox framework exposes ReSt web services, corresponding to each of these common components. A generic OWL representation is defined for every component (e.g., every Opentox dataset is a subclass of ot:Dataset, every algorithm is a subclass of ot:Algorithm, and every model is a subclass of ot:Model). This allows unified representation across diverse data and algorithms and a uniform interface to All current Opentox web services adhere to the ReSt web service architecture for sharing data and functionality among loosely-coupled, distributed heterogeneous systems. the choice of employing web services allows the complete framework to operate in different locations, independent of operating systems and underlying implementation details. Figure 2 shows the Opentox resources modeled in the Opentox ontology. these resources are provided by the various OpenTox web services. The links between the components reflects interaction between the respective web services. the model web service provides access to (prediction) models. Models are created via the algorithm web service, which supports different types of algorithms (e.g., supervised learning, feature selection, descriptor calculation, and data cleanup). Building a model normally will require various parameters, one or several datasets, and a set of features.
Datasets are stored in the dataset web service. A dataset contains data entries, which are chemical compounds, as well as their feature values. Features are defined as objects representvalues. this will be achieved by adopting the Blue Obelisk ontology and is currently work-in-progress. the RDF representation of an Algorithm contains metadata described by the Dublin Core Specifications 41 for modeling metadata (DC Namespace) and the Opentox namespace. the establishment of an ontological base for the services facilitates the extension of the services and the introduction of new algorithms and new algorithm classes. 
OpenTox Application Programming Interfaces and Ontologies
OECD Guidelines
Use of ontologies provides support in Opentox for the OeCD Guidelines for (Q)SAR validation. 46 Use of the toxicological endpoint ontology supports satisfaction of the first principle of a "defined endpoint." Using this ontology, each attribute in a toxicological dataset can be associated with an entry to the ontology, therefore allowing a unique mapping between endpoints in various and heterogeneous datasets. to address the second principle of an unambiguous algorithm, OpenTox provides unified access to documented models and algorithms, as well as to the source code of their implementation. Algorithm template descriptions and the algorithm type ontology allow a clear definition of what type of algorithm(s) is used to construct a model.
OpenToxipedia
We have created Opentoxipedia as a collaborative resource for the entry and editing of toxicology terms, supported by a semantic media wiki. 47 the semantic media wiki environment for Opentoxipedia was developed as a community-based, predictive toxicology knowledge resource with a vocabulary of toxicology terminology used in ontology development. the controlled vocabulary created in Year 1 was updated and transferred to a semantic media wiki format and made available from Opentoxipedia at www.opentoxipedia.org. Opentoxipedia allows creating, adding, editing, and storing terms used in toxicology terminology. the rules for working with the terms also were created. At present, Opentoxipedia contains 862 toxicological terms with description and literature references classified into 26 categories. the terms can be browsed either by category or in alphabetical order. terms used in Opentox applications can be linked to using SPARQl queries to the media wiki.
ToxPredict the toxPredict application 48 demonstrates the use of Opentox ontology in connecting multiple web resources to execute the use case of accessing available data and predictions for a chemical structure specified by the user. Links to training datasets, algorithms, and descriptor calculation ReSt services are provided. Algorithm, Model, and Feature services are registered into ing a property of a compound, including assays, descriptors and calculated features, endpoints, and predictions. Different representations for chemical compounds can be accessed from the compound web service. the feature web service provides the available features (e.g., structural features, chemical descriptors, assay responses, endpoints).
the validation web service evaluates and compares the performance of prediction models. Simple training-test-set-validation is supported as well as cross-validation. the validation result contains quality statistical figures and reports (available in html or pdf formats) that visualize the validation results. the task web service supports long-running, asynchronous processes. the ontology web service provides meta information from relevant ontologies (which can be accessed using SPARQl queries 43 ), as well as lists of available services. Approaches to Authentication and Authorization are specified in version 1.2 of the Opentox API.
All Opentox resources have representations providing information about the type of resource and what the service accepts as input, such as tuning parameters. Most algorithms and model resources in Opentox are available in multiple representations. the Resource Description Framework (RDF) representation, and in particular its xMl formatted variant, was chosen as the master data exchange format, for the following reasons: -RDF is a W3C recommendation: RDF-related representations such as rdf/xml and rdf/turtle are W3C recommendations, so they constitute a standard model for data exchange; -RDF is part of Semantic Web Policy: RDF as a representation for a self-contained description of web resources contributes to the evolution of the Semantic Web; a web where all machines can "understand" each other; -RDF is designed to be machine-readable.
REACH endpoints
the Opentox data infrastructure prioritizes support of toxicological endpoints for which data are required under the ReACH regulation. In current toxicological testing, these endpoints are addressed by both in vitro and animal experiments carried out according to OeCD guidelines. the toxicological endpoints considered by ReACH are the following (lilienblum et al., 2008): Skin irritation, skin corrosion; eye irritation; dermal sensitization; mutagenicity; acute oral toxicity; acute inhalative toxicity; acute dermal toxicity; subacute toxicity (oral or inhalation); subchronic toxicity (oral or inhalation); reproductive toxicity screening; developmental toxicity; two-generation reproductive toxicity study; toxicokinetics; and carcinogenicity. was done for the following reasons: 1) the ontologies will be easier to maintain and 2) the ontologies will allow more flexible mapping of findings for later computer modeling. For example, using a machine learning approach the feature "finding" (e.g., necrosis) will be treated separately from the feature "anatomical region" or "organ" (e.g., liver), which will allow the machine learning algorithm to automatically compare compounds causing necrosis across all tissues vs. all findings in liver.
Vocabulary curation tool for ontology mapping
A vocabulary curation tool was created at Novartis prior to the beginning of the etOx project. 50 This application was modified from an open source project: Open Biological and Biomedical Ontologies (OBO) editor, OBO-edit. 51 OBO-edit is developed by the Berkeley Bioinformatics and Ontologies Project, and is funded by the Gene Ontology Consortium. A modified OBOedit application was built on the pre-release version of OBOedit, and the functionality created will be incorporated into the production version. this is an important requirement to allow all people working on toxicology ontologies to add terms to the ontology in a simple way.
Anatomy ontology the anatomy ontology is the list of terms and relationships that could describe the anatomical location or organ type from any animal used in preclinical safety experiments. Starting with the Adult Mouse Anatomy Ontology created at the Jackson labs, investigators mapped all the terms in use in Novartis preclinical databases to this ontology as synonyms and expanded it with new terms where appropriate. this ontology is ready for release to the etOx project members to allow them to map their terms onto the ontology.
Microscopic pathology findings ontology
The microscopic pathology findings ontology is one of the most difficult ontologies to build as it has to be built from scratch. Although an attempt was made to find an existing ontology that fits the needs of scientists at Novartis, one could not be found that fit the vocabularies used internally. therefore, ontology developers worked with pathologists at Novartis to come up with the backbone for the ontology and mapped all the existing terms to that. The backbone is in the final stages of curation and subsequent efforts will map the existing terms (11,000 terms in the Novartis database) to that. this part of the project has been more time consuming than originally expected and significant pathology sources still have to be investigated. It is anticipated, however, that once it is completed, it will serve as a model for an industry standard ontology that all organizations can use in the future.
Cell and tissue type ontology
Novartis also is working on a cell and tissue type ontology to complement the anatomy ontology, which is intended to be the Ontology service, which provides RDF triple storage with SPARQl, allowing various queries. the models provide information about the independent variables used, the target variables (experimental toxicity data), and predicted values. All these variables are accessible via the Opentox Feature web service, where each feature can be associated with a specific entry from the existing endpoint ontology. the association is usually done during the upload of the training data into the database. the endpoint, associated with the model variables, is automatically retrieved and displayed in the user interface. this provides an automatic and consistent way of complying with the first OECD validation principle of using a "Defined endpoint." the toxPredict application queries the ontology service for all available models, along with the associated information about algorithms used in the model, descriptors, and endpoints. the list of models may include models provided by different partners and running on several remote sites. the Ontology service serves as a hub for gathering a list of available models and algorithms from remote sites. there could be multiple instances of the ToxPredict application, configured to use different ontology services, and therefore allowing for a different subset of models to be exposed to end users. the interplay of multiple services, running on remote sites, provides a flexible means for the integration of models and descriptors, developed by different organizations and running in different environments. Identification of algorithms and models via web URIs ensure the compliance with the OeCD validation principle 2 of "an unambiguous algorithm," as well as repeatability of the results of the model building. extensive meta-information about the algorithm, and about the models themselves, is accessible via web URIs and the Opentox API.
Drug design
Work was initiated in spring 2010 to design interoperation, including ontology-based data exchange between drug discovery predictions and screening experiments. Opentox, a collaborative semantic-based electronic notebook system (CeRF), and Synergy collaboration services, communicating through a Petals enterprise service bus were used together to support integrated deployment and testing on the FP7 Synergy pilots on anti-malarial drug design 49 and predictive toxicology, were initiated in 2010.
Ontology development within the eTOX project
As part of the IMI etOx project, Novartis has been leading the activity to create ontologies for preclinical safety. Novartis has decided to take a different approach to ontology development for preclinical safety. Other projects in this area often link a finding with an organ, i.e., "Liver necrosis" is treated as a single term. this means that the term "necrosis" must be entered many times into an ontology, as it can occur in different tissues. It was decided to separate the finding from the anatomy so that the term necrosis stands alone and the term liver stands alone. this ways. this ontology is a set of controlled vocabularies used to describe and interconnect three major categories: effects (toxic and biological effects -including a full set of histopathology terms covering all organs); target proteins/genes, and chemical compounds to each other (Fig. 3) .
the purpose of the ontology is to facilitate prediction of toxic effects (prospective analysis), to help explain causes of toxic effects (retrospective analysis), to elucidate modes of action and create hypotheses for modes of action and mechanisms, to support the extraction process of knowledge relevant to toxicology from toxicology reports and literature, and to enable integration and transfer of findings to clinical observations (Fig. 4) .
Using this ontology, chemicals can be linked to a histopathological observation, with different levels of granularity of the observation (hierarchy) (Fig. 5) . In order to obtain a hypothesis about underlying biological pathways and mechanisms, histopathologies can be linked back to associated chemicals, at the shared with the etOx members. the rationale behind separating this ontology from the main anatomy ontology is similar to that for separating findings from organs, namely that the same cell types occur in many different tissues so maintaining a separate ontology will be easier. For example, epithelial cells exist everywhere in the body. So creating a child in the anatomy ontology with epithelial cells will link to many different terms throughout the body -skin epithelium, lung epithelium, vascular epithelium, etc. Managing those links will be almost impossible. Simple keyword searches/text mapping searches in the cell type ontology will provide the links here, and since this ontology is rather small it should not result in a loss of performance. For data modeling, this should provide sufficient information when there is a cell type specific effect that has been annotated by the pathologist.
EU-ADR
eU-ADR 52 is a Research and Development project funded by the Information and Communication technologies (ICt) area of the european Commission under the FP7 Program, which aims to explore and understand adverse drug reactions by integrative mining of clinical records and biomedical knowledge. the overall objective of the eU-ADR project is the design, development, and validation of a computerized system that exploits data from electronic healthcare records and biomedical databases for the early detection of adverse drug reactions. EU-ADR specific objectives are: to detect events, to relate these events to drugs, to develop hypotheses that explain adverse events, to detect adverse events earlier, and to avoid false positives. eU-ADR makes extensive use of existing standards and uses ICD9-CM, ICD10, ReAD CODeS, and ICPC2 terminologies together with the UMlS system. the use of the above mentioned thesauri is limited to making initial suggestions to local database sites. these local sites, which are familiar with their own coding system and how that system is used, will then take these suggestions as a starting point. eU-ADR is a collaboration with intent to share and aggregate the results of local analysis: a process of "harmonization" that is essential to ensure all databases share a common understanding about the events of interest. the experiences and methodologies matured in the eU-ADR are important for the toxicology Ontology Roadmap (Hardy et al., 2012) , due to the interdependency between human safety and toxicology, and also as a demonstration of the practical application of ontologies in the safety/ toxicology domain.
Harmonized ontologies for toxicology pathways and mechanisms
CCNet's toxWiz ontology 53 was developed to organize and manage information about toxic effects and to help provide as much insight as possible about the mechanisms underlying these toxic effects and to elucidate underlying biological path-52 EU-ADR, www.euadr-project.org 53 ToxWiz, http://www.toxwiz.com/
Fig. 3: Uses of the CCNet ToxWiz Ontology
The toxicology ontology is implemented in an online resource to support data integration and literature curation on toxic effects with a mechanistic focus. Furthermore, it can also serve as a cross-reading tool. The ontology enables getting quick insights (with the background intelligent search engine with an ontology backbone) for a chemical, listing all the reported toxicity endpoints and, in parallel, asking what all the reported metabolizing enzymes/nuclear hormone receptors or disregulated genes are for this chemical, in order to obtain a quick idea about possible mechanisms. Furthermore, one can ask, for a specific chemical and a specific histopathology, what all the reported associated genes and proteins are and how they fit into known metabolic and signaling biological pathways.
the toxWiz ontology strives to be interoperable with other ontology efforts. As a starting point, the following activities were pursued: 1. Hierarchy of organs and tissues for model organisms derived by consultation of various sources (e.g., NCBI, eNSeMBl, UniProt) System -Organ -Components/tissue/Cell-type (e.g., Hepatic system -liver -Bile duct/Kupffer Cell) N.B. includes synonyms (Biliary = Bile duct, etc.) 2. Set of histopathological observational keywords and principles, by consultation with toxicologists, e.g., Frank Bonner (e.g., Hypertrophy, Hyperplasia, Neoplasia, Carcinoma, Necrosis, Fibrosis, Inflammation, etc.) 3. Several principles of progression in time/pathology (e.g., Carcinoma is a subset of Neoplasia, Hyperplasia precedes Neoplasia) Ontology is only useful if it is used and serves a purpose. Using ontologies inevitably leads to changes and improvements. Over the first two years several necessary changes in the CCNet ontology were incorporated in response to user feedback. this included finer definitions of certain pathologies, e.g., Carcinoma (Adenocarcinoma, Squamous cell carcinoma, Metastatic same time linking histopathologies to associated entities such as nuclear metabolizing enzyme, nuclear receptor, or a disregulated gene (proteins/genes in generic terms enables studying biological pathways and mechanisms).
CCNet's ontology is derived from more than 150 man-years of expert curation and toxicology information extraction from safety reports and literature. It describes histopathology with 912 terms and classifies a further 500,000 synonyms, terms with common or similar meanings used by pathologists. During development, the ontology underwent six iterations over eight years to ensure harmonization between projects, leading to increased interoperability support.
CCNet ontology of toxic endpoints: starting endpoint and development
In creating and developing the CCNet ontology, requirements were to capture all available knowledge from the literature and toxicology reports so as to support the human way of interpreting and recording such findings, to adequately capture toxicology test results in pre-clinical testing, as well as systemic long term toxicity, together with efforts to classify and define a spectrum of histopathology findings.
Fig. 4: Purposes of the CCNet ToxWiz Ontology
The CCNet toxicology ontology is generic and can be integrated into a variety of databases as a backbone for data integration around histopathological endpoints. It does not require mechanistic information, but it is designed to readily provide a framework for integrating it, should that information become available for some areas or organs. In this picture, we describe how CCNet toxicology ontology serves to enable i) (left) interpretation, normalization, and integration of the information derived from scientific literature and regulatory documents into the internal ToxWiz Knowledge Base, ii) (in the middle) serves as a backbone of search engines and predictive algorithms, iii) (on the right) for enabling integration of customer toxicology information on this framework at the client site, as well as analysis of toxicology screening data (including many types of in vivo, in vitro and -omics data) and for making predictions or knowledge-based mechanistic hypotheses.
carcinoma, etc.), and some other broad terms to cover pathological observations, e.g., primary and secondary as qualifiers. Generally speaking, terms are added to capture better what experimentalists are saying. this does not mean that the ontology standard is a moving target. the changes and improvements only increase the granularity and are captured by categories at different levels.
Ontology-based probing of biological effects in a Virtual Liver
the Virtual liver (v-liver) project 54 is aimed at providing decision support tools for assessing chemical safety. the risk of chemical-induced injury has traditionally been estimated using animal testing studies, but this is infeasible because there are thousands of chemicals in commerce. Furthermore, it is difficult to translate adverse effects from rodents to humans because the underlying pathways to toxicity are poorly defined. the v-liver project is addressing this problem by focusing on two specific issues: an ontology for representing toxicology findings to describe chemical effects, and a systems model to quantitatively estimate their dose-dependence in humans.
The v-Liver project has designed a domain-specific ontology to formally express disparate evidence about chemical effects using description logic and to reason about this information in the context of toxicity. Domain knowledge is combined with published experimental findings about chemicals from the literature, high-throughput screening experiments, and legacy rodent toxicology studies, organized in an OWl knowledge base (KB). the v-liver KB captures computable assertions about chemical effects and enables plausible physiological explanations of these effects. the important distinction with related efforts is that the semantics are domain-specific, i.e., they attempt to describe how chemicals perturb functions across levels of biological organization so that molecular changes can be translated to clinically relevant outcomes (see Fig. 6 ). In doing so, the v-liver ontology aims to encode the relevant semantics required to formalize "toxicity pathways," mode of action, and mechanism of action. Currently, the v-liver KB focuses on evaluating the human relevance of in vivo toxicology endpoints and non-genotoxic pathways to rodent liver cancer (Shah and Wambaugh, 2010) . the immediate utility of the v-liver ontology and KB is to evaluate chemical safety using bioactivity data (e.g., from quantitative high-throughput screening (qHtS) experiments, or -omics profiling) by investigating the relevant "pathways to toxicity." this provides end users contextual information about a chemical to support decisions regarding additional targeted assays in environmental chemical testing or prioritization in safety evaluation for lead compounds. For a subset of chemicals where there is sufficient evidence for health risks, the ontology is also being used in an agent-based systems model to quantitatively simulate the dose and time-dependence of hepatic effects. On top is an example of four different levels of hierarchy and different granularity for describing a biomedical observation or toxicity effect. The first three categories from top down are in vivo observations: i) the entire organ system, such as hepatotoxicity without specifying if it is liver or gall bladder (these observations mostly come from the clinical observations by medical doctors), ii) organ-specific observations mostly from the clinic, iii) more specific, mostly histopathological findings from in vivo preclinical tests. The fourth level is an extra category designed to capture observations from in vitro cell assays that we can try to relate to the above in vivo observations. Below is a one level view of a computed form of an ontology and a subset of liver toxicities designed for several different purposes (to capture the histopathology of liver, report biomarker candidates, etc.).
about the predictions in a user-friendly workbench (such as highlighting substructures deemed important by the model).
Bioclipse is equipped with a scripting language for automating and sharing analyses. the interoperable architecture of Opentox allowed for integration in the scripting language of data discovery and downloading, algorithm discovery, and calculations, together with submitting chemical structures for prediction to one or many of the Opentox models. the integration of Opentox in the Bioclipse Scripting language (BSl) is one way of standardizing a toxicology protocol, and such scripts, preferably, can be shared using services like Myexperiment (Goble et al., 2010) .
ToxML
Gaining access to, and exchanging, sufficiently-detailed toxicological study data is a particular problem in (Q)SAR model development work, but it is increasingly important in all areas as the exchange of detailed data increases. Work was initiated a few years ago by leadScope Inc. and lhasa limited to develop a standard, toxMl, for the exchange of biological and chemical data, including chemical structures. this led to the publication by leadScope Inc. of an illustrative standard covering numerous in vivo end-points. More recently, a project has been set up to broaden the coverage of toxMl and, it is hoped, to promote its wide acceptance.
Purpose of the ToxML standard toxMl is a schema, or format, for electronic exchange of data between software applications. this distinguishes it from internal database schemas and from designs for the representation of data in user interfaces. Different database management systems have their own database schemas and user interface functionality, and toxMl is not intended to change or standardize them. each database management system will need to have its own
Ontology support of interoperable application development
the interoperable architecture of Opentox (Hardy et al., 2010) facilitates application integration with independent third party applications. Bioclipse developers recently demonstrated this by developing plugins for the Bioclipse workbench application (Spjuth et al., 2007) that are capable of querying Opentox SPARQl endpoints using the Opentox ontology, allowing users to discover and interact with data, algorithms, and predictive models, which can be available locally or from distributed Opentox services.
A plugin for Bioclipse was constructed to query Opentox SPARQl endpoints to discover the available descriptor implementations for setting up (Q)SAR datasets. the user gets a visual presentation of the available descriptors and can choose to combine Opentox descriptors with local implementations to set up an interoperable and reproducible (Q)SAR dataset (Spjuth et al., 2010) , which was achieved by adding support for the Blue Obelisk Descriptor Ontology 55 to Opentox descriptor algorithms. Full cheminformatics functionality, including structure drawing and compound browsing, is provided via the Chemistry Development Kit (CDK) (Steinbeck et al., 2003) .
An additional plugin was constructed for Bioclipse to allow querying Opentox services for available predictive models, again using the Opentox ontology over SPARQl endpoints. this integrates Opentox models with local models in Bioclipse and allows for decision support where public data/models are combined with local data/models (see Fig. 7 ). Hence, Bioclipse is turned into a rich interface for toxicology predictions with a responsive graphical user interface (GUI) that updates prediction results instantly upon changes to the chemical structures (Spjuth et al., 2011) .this opens up the possibility for scientists to explore hypotheses on how predictions would be affected by certain structural modifications, as well as the capability of showing additional information disadvantages remain, however -records relating to chemical structures are in a fixed format in an SD file, which does not suit modern computing practice well, and the SD file format is peculiar to cheminformatics, whereas xMl is more widely used.
The chemical information in an SD file and a Molfile takes the same form. A Molfile contains a single chemical entity, whereas an SD file can contain many. Chemical structures in the current ToxML are represented by embedded Molfiles, but this representation will be replaced by one based on xMl -most probably a representation developed by Molecular Networks GmbH for regulatory bodies in the USA and in the public domain.
Within Opentox, work has recently been completed that provides a conversion capability between toxMl and a semantic representation (RDF), thus enabling the automatic provision and integration of data in the toxMl format within the semantic web of distributed resources supported by Opentox. Application of authorization and authentication policies on web services, hence, can provide controlled access to data contained within a database such as leadscope's within a distributed semantic web context. import/export component to connect with ToxML files, but this should be invisible to the end user.
Technical implementation of ToxML
The language used in ToxML files is currently XML, and this will continue to be the case. It has the advantage of being widely -and increasingly -used by a broad range of computer software. this makes it familiar to software developers, and it also means that many of the software development tools they use include ready-made components for reading and writing XML files.
An alternative would be the SD file format, which is widely used by chemistry software and, consequently, by toxicology applications that make use of chemical structures. A disadvantage of the SD file format is that it is designed primarily for exchange of chemical structures and, as published, it does not easily support the communication of associated hierarchical data. A hierarchical SD file format has been developed by Lhasa Limited for use in connection with their Vitic database management system, and this was considered as an alternative to toxMl. two as a result, an ever-increasing number of ontologies are being developed to address different needs. Many of the domain areas being tackled by the different ontology development communities overlap to greater or lesser extents, leading to a sometimes confusing proliferation of conflicting resources. Re-use of existing ontologies, where possible, and the careful delineation of scope are key to managing this proliferation and to reducing the overhead required for ontology development by each of the participating projects. this idea is central to the OBO Foundry (Smith et al., 2007) , a coordinated community that collects and provides peer review for ontologies, agreeing to abide by principles favoring openness, scope delineation, and mutual reuse. Reuse of OBO Foundry ontologies, as well as several non-OBO Foundry ontologies, will be very helpful in establishing a toxicology Ontology, while a few key gap areas where no existing ontologies yet exist will require new development. Many of the existing commercially available terminologies would also be very useful to this effort, but their current licensing models present some challenges for an open project; however, these challenges could potentially be overcome through the development of new business models involving all stakeholders.
Existing ontologies that can be reused for predictive toxicology
OBO Foundry ontologies
As one of the central repositories of large-scale biomedical ontologies, the OBO Foundry is a promising source of ontologies for reuse. As of February 2011, the OBO library (the full repository of ontologies made available via the OBO Foundry website, regardless of review status) consisted of 99 ontologies. the following OBO ontologies are potentially of use for the development of a toxicology Ontology: -the popular Gene Ontology, which includes the biological processes and molecular functions that gene products are involved in, as well as the sub-cellular locations at which they act; -the CheBI Ontology, which includes "biologically interesting" chemical entities and their activities in a biological context; -the Ontology of Biomedical Investigations, which provides terminology relevant to experimental investigations, that is, instruments and protocols, data types and analyses on the data, and the related Units of Measurement ontology; -anatomy ontologies, in particular the Mouse anatomy ontology and the Foundational Model of Anatomy; -the cell type ontology and the Brenda tissue ontology; -the NCI thesaurus, which contains terminology relevant for clinical care, translational and basic research, and public information and administrative activities, with respect to cancer and related diseases and targeted therapies; -the Human Disease ontology, which gives a comprehensive ontology of diseases, including genetic, environmental, and infectious diseases for wide applications in clinical research and medicine.
Collaborative development of ToxML leadscope has donated the current toxMl standard fully into the public domain, and lhasa limited has agreed to fund and manage the launch of a project to develop and maintain it. Creating a universal schema would be a huge job, would take a long time, and might or might not deliver well what was needed in each specialized area of toxicology. So a collaborative project is being set up. this will help in sharing the work and, more importantly, it will allow people to develop the standard incrementally for those areas where it is needed when it is needed, and only those areas. Researchers will be encouraged to deliver proposals for additions and changes to toxMl via a wiki website. It will be a so-called curated wiki site: contributors will not modify the published standard directly; rather, their proposals will be assessed and collated by one or more curators who will control the contents of the published standard. At the time of this writing, a draft constitution for the longterm project is in place, a first meeting of an Advisory Board (at which the constitution will be formally ratified) was organized, technical meetings are in progress on early modifications to the existing standard, and a contract for the development of the software framework for collaborative development of the standard has been completed.
Biological Expression Language
the Biological expression language (Bel) 56 is a language for representing scientific findings in the life sciences in a computable form. BEL is designed to represent scientific findings by capturing causal and correlative relationships in context, where context can include information about the biological and experimental system in which the relationships were observed, the supporting publications cited, and the process of curation.
Bel is intended as a knowledge capture and interchange medium, supporting the operation of systems that integrate knowledge derived from independent efforts. the language is designed to be use-neutral, facilitating the storage and use of structured knowledge for inference by applications through a knowledge assembly process that can create computable biological networks. While Bel does not prescribe any particular assembly process or any particular knowledge format for the output of an assembly process, a suite of software components called the Bel Framework provides everything necessary to create, compile, assemble, and deliver computable knowledge models to Bel-aware applications. this makes the Bel language and the Bel framework a unique system for knowledge capture and representation that scales with the increasing complexity of scientific facts.
Review of existing ontologies of relevance to predictive toxicology
Biomedical ontologies have become essential tools in managing data throughout many of the life science disciplines, and 56 Biological Expression Language, http://www.selventa.com/technology/bel-framework anatomy currently seems to be overlooked by other anatomy ontology communities. The existence of species-specific anatomy ontologies is itself a matter subject to debate, as some advocate using a cross-species reference ontology for anatomy instead. However, even if such an approach is favored, a gap remains in anatomy resources for the representation of dog anatomy.
Related to anatomy is the need for good ontologies describing phenotypic abnormalities. While several ontologies covering this domain area already exist, they are hindered somewhat by a lack of shared community agreement on how to define phenotypes and their coverage falls significantly short of what is required to adequately perform modeling in predictive toxicology.
Another serious gap is the absence of ontologies for localized histopathology, and more generally, ontologies of microanatomy. An ontology describing strain names also is missing, which may be due in part to the more general need for a concrete definition of "strain."
Finally, the lack of ontologies describing developmental stages is highlighted as a challenge for the community. For example, the developmental stages for disease progressions, physiology, and anatomy and phenotypes, are not well described in ontologies for disease, physiology, anatomy and phenotypes respectively. Many challenges lie in the representation of development over time, while also accurately representing the state at any one time. this is a challenge for the ontology community as a whole, but it has particular bearing on the toxicology community. Consider that many substances are in particularly toxic to the developing fetus in certain stages, and yet, ontology annotation of this important fact remains elusive.
Conclusions
In this review we have attempted to describe numerous ontology development activities in progress in the field of predictive toxicology and in neighboring areas of science. A significant set of resources is already available to provide a foundation for an ontological framework for 21 st century mechanistic-based toxicology research. Ontologies such as toxWiz already provide a basis for application to toxicology investigations, whereas other ontologies under development in the biological, chemical, and biomedical communities could be incorporated into an extended future framework. Opentox has provided a semantic web framework for the implementation of such ontologies into software applications and linked data resources. Bioclipse developers have shown the benefit of interoperability obtained through ontology by being able to link their workbench application with remote Opentox web services. Although these developments are promising, there is an important need for an increased international coordination of efforts to develop a more unified, standardized, and open toxicology ontology framework (Hardy et al., 2012) . the toxicology community should not embark on projects that involve unnecessary investment in the creation of ontology that
Non-OBO Foundry ontologies
Several non-OBO Foundry ontologies and terminology and vocabulary resources are identified as essential for reuse in a predictive toxicology context. these include the large-scale terminology standards such as ICD-9/10, MeSH and the UMlS, SNOMeD, and the NCI CtAe. MedDRA currently has valuable vocabulary with wide use in pharmaceutical toxicology pipelines. Other relevant commercial resources include Goreni, Pharmapendium and GVK-BIO. For a unifying toxicology ontology project, engagement with service providers such as Med-DRA to negotiate cost-effective options for reuse will be an important goal in service of the community's needs.
Other existing ontologies of relevance in the toxicology domain include toxHunter and toxWiz (commercial offerings), and toxMl and Opentox (open, community efforts). For vocabulary relating to aspects of chemistry and bioactivity, PubChem and DrugBank are highlighted as important open databases. Finally, while not an ontology per se, the Minimum Information for Annotation of a Bioactive entity (MIABe) standardization effort is highlighted as important, since toxicity is a kind of bioactivity, and it can be expected that MIABe standards should also apply in the case of toxicity (although several additional requirements would also apply).
In support of mechanism and pathway-based approaches
the utility of an ontology or vocabulary resource is strongly tied to the intended application. Several vastly different applications make use of ontologies and vocabulary resources, for example text mining, hierarchical classification and clustering, and approaches to automatic knowledge discovery. Mechanism and pathway-based approaches to predictive ontology pose particular challenges in that they involve inherently complex, structured information, and what counts as a mechanism or pathway can differ from community to community. there is ambiguity on the level of detail required: for example, in some cases inferred protein-chemical interaction networks are sufficient, while in other cases detailed models of how a particular pathway brings about a particular outcome is required. A key question, therefore, which needs to be addressed by the community as a whole, is what counts as a pathway in the context of predictive toxicology?
Software such as Cell Designer could be used for pathway modeling and linking to existing ontologies. Furthermore, pathways annotated with ontology terms could be brought onto a Semantic Web for toxicology via the SBMl2SMW utility 57 (Mathäß et al., 2010) .
Key gaps in existing ontologies
While there is a bewildering array of existing ontologies that need to be incorporated in support of predictive toxicology, some gaps remain, nevertheless, where it is desirable that ontologies should be created in the public domain. While many other species-specific anatomy ontologies are well developed, canine
